The soil in and around the Kaali meteorite craters in the SE part of Saaremaa Island contains a large number of micrometeorites and abounds in pulverized extraterrestrial and impactite matter. The explosion with accompanying high temperatures resulted in the formation of glassy silicate spherules. These spherules were distributed over a large area, and allow to estimate the age of the impact at about 7500 years BP and correlate separated sequences. The extraterrestrial and explosive material in the Kaali area is diverse in form, colour and composition. The spherules may be of different origin, including industrial. From the methodological point of view, it is especially important to study spherules in the geologically established crater fields and their surroundings. The Kaali area provides an excellent polygon for this kind of studies.
INTRODUCTION
Meteorites are responsible only for an insignificant part of the extraterrestrial matter reaching the Earth. Meteoritic and cosmic dust in the form of spherules of various size and composition has often been found in different geological formations. The oldest palaeometeoritic matter known in the Baltic States was discovered in the Lower Cambrian sandstone. It has been found through the whole Lower Palaeozoic sequence in various amounts, demonstrating a clear cyclicity in the meteoritic activity through time (Viiding, 1984) .
Several tens of impact craters ranging from Neoproterozoic to Holocene in age, and being from less than 100 m to more than 50 km in diameter occur both in the crystalline basement and in the sedimentary cover of the old East European Craton in the FennoscandianBaltic region. Our main interest is centred on the wellknown Kaali craters on the Island of Saaremaa, Estonia (Fig. 1) . Until the 1960s, these were the only craters in Europe, which had scientifically proven to be of meteoritic origin. These craters offer a good possibility for studying different genetic varieties of spherules.
taenite, sometimes contains pseudomorphs after schreibersite. The average content of kamacite is 96.4 vol%, and clear Widmänstatten figures are often present. Taenite is rich in Ni (up to 50 wt%); its average volume content is 1.8 vol%, and it occurs in the form of 1-0.15 mm-wide bands between kamacite pillars. Schreibersite (average proportion 1.7 vol%) occurs throughout the whole meteorite, mostly in the form of rhabdite (Yudin and Smyshlyayev, 1963) .
The recent determination refers the Kaali meteorite to the IA group of coarse octahedrites (Buchwald, 1975) . The meteorite is similar to the well-known Odessa (USA) iron meteorite. The Kaali meteorite contains several rare elements, including Ga (74.9-80.4 µg/g), Ge (293-305 µg/g), Ir (3.04 µg/g), Re (240 µg/g), Pt (7.7 µg/g) and Au (1.71 µg/g) (Czegka and Tiirmaa, 1998) .
DISTRIBUTION AND TYPES OF EXTRATERRESTRIAL MATTER IN THE CRATER FIELD
The distribution of dispersed extraterrestrial matter around the craters is uneven and irregular. Meteoritic pieces are most numerous in the small craters (Fig. 6) , and totally absent in the main crater (Tiirmaa, 1994) . The same distribution has been observed in the Sikhote-Alin craters (Krinov, 1959) . Evidently in the case of larger meteoritic bodies powerful shock energy causes complete dispersal of meteoritic material and its ejection from the main crater.
Magnetic separation in the small craters demonstrated that larger fragments are concentrated in the lower layers and smaller fragments in the upper layers of the fill material (Tiirmaa, 1994) . In most cases, the concentration of meteoritic material was at its highest in the layer about 1 m from the surface. However, occasionally, it was found in great amounts near the lowermost layers as well.
The extraterrestrial and explosive material is rich in forms, colours and composition. According to Aaloe and Tiirmaa (1981) , with some later modifications (Shymanovich et al., 1993) , the following main types of extraterrestrial matter occur in the Kaali crater field:
1. Meteoritic iron formed as a result of the break-up of the meteorite in the atmosphere and its disintegration at the moment of impact. It occurs in the form of irregular tiny meteorite fragments and fine (less than 1 mm) pulverized particles with a variety of shapes. These particles are highly oxidized and crusted with a thin layer of loamy material.
2. Meteoritic dust formed as a result of melting and evaporation of the rapidly upheated meteoroid during its entering the Earth's atmosphere. The products of evaporation are represented by magnetite globules and platelets, varying in shape, internal structure and microsculpture (Shymanovich et al., 1993) . Globules may be spheri- The initial velocity of the meteorite upon entering the atmosphere was 15 to 45 km/sec and the initial mass of the meteorite between 400 and 10,000 tonnes (Bronsten and Stanyukovich, 1963) . The mighty explosion with accompanying high temperature led to the formation of glassy silicate microimpactites (Fig. 4) , which distributed over a large area and deposited in different sediments. Based on these microimpactites, it is possible to estimate the age of the impact and to correlate rather far-lying sequences.
The first microchemical analysis on the Kaali meteorite was made by Dr. M. H. Hay in the Mineral Department of the British Museum. The results showed 91.5% of iron and 8.32% of nickel (Spencer, 1938) . According to Yudin and Smyshlyayev (1963) , the Kaali meteorite also contains 0.41 wt% Co. Mineralogical and mineragraphic analyses of meteorite fragments (Fig. 5) showed minerals, typical for iron meteorites (Buchwald, 1975; Yudin, 1968) , such as kamacite (α-FeNi), taenite (α-FeNi), schreibersite/rhabdite [(Fe,Ni,Co) 3 P], troilite (FeS) and olivine [Mg, Fe(SiO 4 )]. Goethite (α-Fe 2 O 3 ) occurs in the iron-shale crust of the meteorite, forming colloform textures. The iron crust, which was formed in terrestrial conditions, mainly on account of kamacite anď in diameter, and 100 to 200 µm thick. The surfaces of spherules have characteristic patterns of rhombs, quadrangles and polyhedrons.
3. Microimpactites formed on the melting and vaporization of meteoritic matter and target rocks during the impact are usually brownish-yellow with smooth lustrous surfaces pitted with odd furrows. Both magnetite-silicate and silicate formations have been discovered.
GLASSY SPHERULES FROM THE SURROUNDING MIRES
The areas with elevated concentrations of meteoritic matter are situated rather far away from the Kaali craters showing probably the projection of the fall trajectory. On this basis, one may suggest that extraterrestrial and explosion material can also be found at certain stratigraphical levels in the surrounding lake and mire sediments, which may serve as excellent stratigraphical markers for the correlation of marine and terrestrial sedimentary sequences.
During the studies of 1994, a high concentration of microimpactites was discovered in the Early Atlantic peat of the Piilasoo Mire, some 10 km north-west of the Kaali craters (Fig. 1) . A clear concentration of silicate spherules was registered in the depth interval 3.00-3.10 m in the layer dated at 7586 ± 67 yr BP with the 14 C method cal, rounded elliptic, ovatetubercular or drop-like. In terms of the internal structure, hollow globules and compact globules with metallic lustre can be distinguished. The surfaces of some nuclei display distinct Widmänstatten structures. Dull grey platelets with a metallic lustre are generally less than 1000 µm (occasionally up to 2000 µm) (Raukas et al., 1995) . Next year, spherules were detected in the Pelisoo Mire, ca. 18 km north-west of the Kaali craters and in the Kõivasoo Mire on Hiiumaa Island. At Pelisoo, spherules were found in the Early Atlantic peat at a depth of 4.00-4.25 m, and at Kõivasoo at a depth of 2.21-2.31 m. In 1996, spherules were detected in the Pitkasoo Mire in the central part of Saaremaa. There they were buried in the Early Atlantic peat at a depth of 1.80-1.90 m (Raukas, 1997 ).
In the above-mentioned mires both magnetite-silicate and silicate spherules were detected only in one layer. Silicate spherules were most abundant. The spherules found are mainly drop-like, rounded or ellipsoidal (Fig.  4, photos 3496 and 3497) , well-shaped, white, grey or light-beige to dark-brown in colour. Some material is angular and sharp-edged (Fig. 4, photo 3501 ). Many spherules contain large numbers of pubbles, while others are homogeneous. They have smooth lustrous surfaces, and are sometimes hollow internally. Platelets of spherule pieces with conchoidal structure display abundant hollows indicating intensive gas eruption (70% of glassy spherules have hollows) during the rapid cooling of melted particles (Fig. 4, photo 3510) . Positive tubercles on the planes consist mostly of magnetite crystals.
Spherules were collected under a binocular microscope from the ash left after the burning of peat at a temperature of 700 ± 25°C. The spherules were studied one by one by means of electron microprobe analysis. The chemical composition of glassy microimpactites is diverse (Fig.  7) , being controlled by the character of the target rocks. Some spherules consist mainly of silica and calcium, others from calcium and iron, and a third set of silica with a small quantity of calcium. They contain specific for iron meteorites admixture of iron and nickel, sometimes also cobalt.
DISCUSSION
The results we have obtained through spherule studies have drastically changed opinions about the time of Baranov and R. Tiirmaa, magnification 10×.) the Kaali impact. From the sparse geological evidence available, Reinwald (Reinwaldt, 1933) concluded that the Kaali craters were formed 4000-5000 years ago. Aaloe (1981) maintained that the Kaali craters could not be older than 2800 years. His conclusion was based on the radiocarbon ages of the charcoal collected from the bottom of smaller craters (2530 ± 130 BP, TA-19, 2660 ± 250 BP, TA-22 and 2920 . Based on simultaneous 14 C and palynological studies, Saarse et al. (1992) concluded that the 14 C age of bottom sediments of Lake Kaali in the main crater was at least 3390 ± 35 BP (Tln-1353), and that the meteorite fell about 4000 yr BP. Rasmussen et al. (2000) found a Ir-enrichment in Piilasoo Mire which was radiocarbon dated at 400-370 B.C. They believed that it is the date of impact. Veski et al. (2001) changed the age of enrichment to about 800-400 B.C. The last conclusions must be wrong, because according to direct dates from the crater bottom the age of impact is undoubtedly over 3500 years.
The data we have obtained on the four mires ( Fig. 1 ) suggest that the layer with ejecta observable throughout the area was most likely formed in the Early Atlantic. Based on the best-studied Piilasoo Mire, the most probable age of the impact is 7600 ± 50 yr BP. Tracing of the level with microimpactites will help to correlate the peat layers at least in the territory of several hundred square kilometres. It also allows the unknown genesis of the ring structures to be established and shows a promise in correlating marine and terrestrial sequences. The method proposed enables one to date impact events in the most precise way. It can be used for the purposes of correlation in different regions of the Earth.
CONCLUSION
A large variety of spherules occurs in the Kaali crater field. The Kaali main crater was generated by a mighty explosion, which destroyed the surroundings and formed a crater mound with uplifted dolomite blocks (Fig. 8) . Most of heated gases were directed upwards (according to our calculations to the maximum height of 6.8-7.9 km), and therefore, spherules originating from the impact of crater-producing meteorite distributed over a vast area. Both extraterrestrial and ejecta spherules can be used in stratigraphic correlations and in establishing the age of the impact. The most realistic age of the Kaali craters is Tiirmaa.) approximately 7600 ± 50 years. The elaborated correlation method can be recommended for a wider use in different countries.
